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STUDIXS CON HIAT THANSFIR IN LAMINAR FREN CONVECTIOM WITH THE ZVIINDER=.CH INTSRFERCMRTWR

l. Introduation

A Zehnder-Mach {nterferometar wne built
in the Powar Plant labaratory of the Alr
NMateriel Cormand In Wright-Fatterson Alr
Force Base for the purpose of investigating
heat transfer, fluld flow, and mixing phe-
nomena ocourring in aircraft power plants,
The instrurent hae glass plates 8 inches in
diameter and & useful span of 32 inchas,

The present paper gives the results of stud-
l1es with this instrument on huat trensfer in
laminar free ocnveotion. Thesa studies were
started slnoe they could be accomplished with
very simple equipment whioch could be prooured
with a minimum delay, They presented, there-
fore, & very aonvenient means t» check the
agouracy of the lastrument and to bescume
familiar with 1ts use. Apart from this,
howaver, there are elso iamediate applica-
tions of free conveotion heat transfer in
modern airoraft power plants, for instance
all oocoling or insulating problems conneoted
with the handling cf fuels for jets and
rocketa. In the owurse of the studies it
was also found that valuadle information can
be obtained on turbulaence, ita nature and
beginning, The results o studies dealing
with he:ie: transfer in turduleat free ocon-
veatico will be presentad in a separate
report. Data on thermal sonveation flow are
useful also in understanding radial flow
phenamena which are ocaused by sentrifugal
foroes in turbo oompressors and turdines.
This analogy will be inveetigaied in =:rs
detall in Chapter 9 of this report.

Scme earlisr work wus done with the
interferometer_in the field of heat traasfer.
R. B. Xennard € published in 1931 the results
of studies on free convection heut transfer
on a vertisal plata and a horizontal oylinder,
HAe used for his esperizents a Zehnder-Mach
interferameter with a fisld of view 1 by 3/L
inches in size. A later pnpor’ describes
essentially the same experiments with a few
additional tests on two parallel vartioal
plates. A short cote on the use of the
Zehnder-Naoh {nterferometer for the study
of tempersture fields in sir wes published
by L. A. Ramdas and E. XK. Peranjpe L Aa 1936.
A similar reference is contaloed in papere
by G. Hansez O and H. Sohardin 6. Some
experimsnts, up to now unpublished, on s
vertical plate and a horizontal cylinder in
natursl convection were condusted by E. Groth
At Wright-Patterson Alr Foroe Base, who used
an intarferomstar butlt by Th. Zobel.

2. 2valuation of laterference Photas

b | 4

A\ ¢
H

Pig. 1 = Schamatic vketoh of
the intarferometer

Fig. 1 slows a schematioc sketoh of a
Zehndar-lach lnterferometar. Monoohromatlo
light from & merocury lamp A i{s made parallel
by & lens B. On the glass plate C whioh is
ocated in such a way that it transalte half
of the light and refleots the other half it
i3 dividad into two bundles. Ome is reflected
on the mirror D the other one on airror B and
both sre unlted agala by a second glaas plate
P coated in the sa=e way as plate C, On a
soreen G behind the plate F this light shem
interference phea~isna, When the plates and
mirrors C to F ars exsctly parsllel them ths fleM
on the screen is uniformly dark or bright
depending on whetner the path lengths of the
two 1{zht bundles differ by an even or odd
nunher of hall wave lengthe thus causing the
light wavas ol the two bundles tu be in phase
end amplify or to be out of phase and extin-
guish each other, If, however, two of the
platas are turned through a slight angle, then
a suczession of dark and light fringes sppears
on the screen G since the difference of the two
psth lengths varies from place to place. In
the work deicribed In this report the first
adjustment was usaed where the plates are all
parallel to cach other, Vhea in this adjust-
ment tho object 1 to be investigated -- for
instancs a heatsd norizontal oylinder m»itlh
its langth L in the dirsotion of the light
rays -- 1e brought 1ato one light bundle of
the instrumcit as indizated in Fig, 1 than a
plcture can be observed on the sorean ss shom
in Fig. 2.
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Fig. 2 = Interference photo of
free oonveation cn a
horizontal oylinder

Araund the shadow of the oylinder, dark inzZer~
fereace fringes sppear i{n the field which ws
uniforaly dright bdefore. These fringes are
caused by the faat that the optiocal refrsotion
caeffiolent of the alir has ohanged in the
heated 1one surrounding the hot oylinder. The
amount of this change of the refrastion co-
affiolent on any place can de determined from
the inferference photo. The refrastion go-
offiolent ia by definition the ratio of the
velcalty of 1{ght {n vacuun %o the velooity

in the nedium invostigated or, what is equiv-
alent, the ratio of the two ocorresponding wave
lengths,

As an esquation it can be written

[ d
LE )
where L is tha refraction coeffiolent l.
the wave length in vaouum, and the wave
length in the investigated medium. Now on

any ray the nunber » of light waves in the
length L of the investigated object 1s

L
Y (2)

The number V. of waves in the same length on
a reference light ray outsids the haatad zone
is

** 2 (3)

Thersfore the difference &€ in tre numbdbaer of
waves non both rays 1s

L
e-v-v-L(T 1) w

or using the refragtion accefficlents {nstead
of the wave lengths

c.%.(?\,,— ") (5)
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(5)

This difference & Iin the nunder of waves ocan
on the cther hand dba determined from the
{nterferense photo (Fig, 2). It 1s easlly
soen that it equals the number of interflerence
fringes between the reference point where the
refraction soefficlent is M., and the point
io question where the refraction occeffiolent
{s M, when the four platus C to F are ad-
Justed parallel to each other., With the num-
ber of interference fringes agounted from an
arditrary reference point in the intarference
photos we can therefore determine by equation
(S) the difference in the optioal refraction
ooelfioient detween any point in the phota
and the reference point.

Now there exlsts a relaticn detween the
optiocal refrsotion coefficient of a medium
and its specifio weight Y . Thls soanection
1s acoording u; L. Loren: and H. A. Lorents

!‘-,-—' L o const (6)

m +2 7
The value of the constant depends essentislly
only or the nature of thc molecules bty whioh
the mediun s built up but not oa the phase
(liquid or gasecus). Por mixtures 1t {s built
up sadditatively by the values of the single
welght componsats as long as there are no
chemioal resctions between them, Por gases
the value of the refraction ocoeffiolent ia
nearly 1, We osn then eimplify equstion(6)in
very good spproximation %o

n-|
7

wherein C s & constant for any ges within
reagonable limits of pressure end temperature,
The optical refraotion soelficlent Y1 of dry
alr at 32°F and 29.2 inches mercury oolumm for
green light with the wave length A, = 0.54G!
( '4-'- = 1/1000 vt ) whioh was used in our
experiments 1s 1.000293L.7 This gives for the
constant in_equation 7 the numerical value
0,003625 r3/1b or 1a the metrio system
0.0002263 m 3/kg. In humld air the refraction
cnelflolent varies slightly. It cia be de-
termined from an equation given by Loreus

-8
n, =M~ 5510 X (g

where WM is the refrsoticn ocefficient for
humid air, n for dry alr at tho same
tenperature udJ’T the vapour pressure in mm
meroury colusm,

With equations 5 and 7 it ls possible to
osloulate the difference between the spesifio
welght at any point in the interferenace
photo and the specific weipht Tr at u ref-
arence point, 7e get frem 7

7--&-(1\-1)




and i A ‘(_'*— (n,-n) (9)

Viith equation 5 this ;:ivss

p b é'll:' & (10)

In the photo, Fig., 2, it {3 convenient to use
the tone outslde the heutod layer around the
tube as refarence point. Equation (10) ahows
that the ohtnge 1ln specific welpht at any

point within the hoatod layer ia proportiomnl
to the mumbor of interforence frinces as
oourted {rom the outalde to this point aslong
as the lencth L of the light ray in the tone
of changed density is conotant. For two =
dinonalonal prodblems investizatod in this re-
port this is the case.®* On any of tho fringes
the specifio welght is therefore conatant, In
free conveatirn problems the velooities and
therefore the pressure differences are so small
that their influence on the spocific weight can
be neglocted, The specifio welight changes only
with temperature and the interference fringes
in Fig. 2 are therefore lsotherme, With the
ad justnent of the interferometer where all
plates arc parallel the imterference photo
shows lmrediately the isotherms in two-dimene
sfonal conveotion prodlems. The whole flold

of isotherms 1s contained in one photo whioh
can bo taken with a very short exposuro tine,
This 1s & great advantage of the interfererco
mathod,

In forced aonvection flow with highor
velocitles the pressure as well as the tenmpera-
ture varies gynerally within the eir streanm.

Tn this case the svaluation of an interference
photo gives only ths fleld of the specifle
weight and the measurement of a second variadble
(pressure or temperaturs) 1s neceesar: in order
tq dotermine the state of the fluld in any point.
Within the Lourdary layers, hovevor, the pres-
sure is with sufficient accuracy oconstant on
normals to the surface on which the boundary
layer is built, On these normals, thereforo,
the specifio weight of the fluld or gas de=-
pends only on temperature and the interforence
photo glves the temperature fisld in this tone,
This fact makes the interforometar especially
apt for heet transfer Investigetiona,

The temperrture on any of the intorference
fringes in & field whers tha preesure oan be
ragarded as constant may be salculated from
equation (10) and the gas law

T--%—-}: (11)

introduuing ¢ Ton (10} into thiz squation
ciwme

| i
TR - &) - o)
yl' CLy, CLy-

with T, the absolute temparature and v the
spuolfio wolcht on the refersnce point (out-
side the hoated layer). The second swwmand
in the dencminater s uenally emall ne oom-
pared with | , Tharefore, it Ls more qonven-
lent %o convert tho fractlon ints & gerivs

k]
T-T,[1+ é——'_‘y +<%r§*('éf¥‘,\'f”)

The tewperaturs difference AT=-T-T thus bacomes

r
lq‘ 1¢c = 1 E .
AT-T [—-+(-—— S f-~]
rLety ey, CLJ,) i)
Fith thie equntion tha temperuturc flolds in the
present renort were calculatead, Actually it wags

only neaessary to use the firat two or three
suwrtands of the series, The -)onstlnt‘l used were

A 0.5'461"!0-::;',("0.003525'%. The

lencth L of the investigatad ohjects was appro-
ximetoly 12 fnoh, All studiss were done in air
with a teuperature T, near 80°Fe Si0¥%and at
normal baromotric pressure, The number £ of
fringns vas aountsd in the interfersnae phnto,

The most important value for heat tranafler
oalculotions 1s the heat transfer coceffialent,
The looal film heat transfar coefficlent R on
the surfvoe of o sclid bod; can be drtsrzined
from the interference photo in the following
way. Aooording to the definition of this oo~
effiolent it is connected with the hect flow 4
throuch the surface perunit area and a charac-
teristio temperature difference AT which has to
be agreed to for every problem by ths equation

? - haT (15)

On the other hand it follows froa the faut that
the air in the lrmediate neighborhood of the
solid surfese_is at rest relative to this eur-
face and the heat {a transported by conduotion
through this air layer that

q- k.,(‘%),, (16)

where k'h the hoat oonduativity of the air at
the wall tomporaturs and s the direction
pormal to the surface or '(“/.,lj)' the tumpern-
tury gradient vdthin ths alr oz tho surface,

It is advantageous to build a dinoneionloss ex-
pression with tiis filnm hoat tranafur noefficiant,
the Nuasalt nber

oIt s scmetimes difffoult for sctual tasts to fulfill thls condition, The naxt section 4sals rith

this problan in detall.
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hD
Nu = T (17)

D 1s & oharnateristie dimonston (for the air-
cular cylinder the dianoter). It is a quastion

still open today At whinh temperaturo the ocon=-
duetivity K of the air should be introduced
into this expresslon, Provious inwmstijutors
used mostly the oonduotivity at wall tempora-
ture for fres oonvaokion problens, If wa
follow this usage then equations (15) to (17)
result in

D T
Nu = 37 (i_j)w (18)

The tomporature 5rudlont(d%])_on the surface

oan be detorminad from tho temparnture profile,

Fe. 3.

aT

LN

| ¥

fo— &'

Pige 3 = Taapernture profile near
the surfuace of a solid
body.,

This profile is obtained from the intsrference
photos by measuring the distance of the inter-
ference fringes fron the surfnce on that polint
whare the local heat transfer coeffioclent is
to be determined and plotting the tenmperatures
caloulated with equation (1L) ovar these dis-
tanosas. The subtangent to this prolile denoted
by &' in Pig. 3 is

- (19)
(d/d-y)u
Introduoing this Into equation (18) giwr.

Ny = j?—,’ (20)
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IL ean Yo eoon thet the Nunsell nuwnaler la
sinnls the v tlo 0" Luo leneths of which one
{a rrodotermiined a9 rofornnce longth used for
tho specinl problam wharans the cecond 2an te
obtained from the temnernture wrofila. This
rakos the dotarainction of the houtl tranater
goaf inlonta by the lntorfaoroneter very eon-
venlent,

The agouracy of this mothod of determinling
tho Nuszelt nunber deponda on tho accuracy
with whish tha tangont can ho drawn on the
tenparature profile. On a surface whoso
radius of ourwture is not too small the tem-
perature profile is nearly a straight line
Inmodiately on the surfaco because the laver
adjacant to the surfios behaves like a straight
solid »ull and the hoat is therefora trans-
portad h- conduction.

Pig. L - Temporature field around
& horlzoatal plates,

Pig. 5 - Logarithmio plat o a
temparature profile,

J
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Pig. 6 - Boundary layer on
a flat plate,

The tangent can be drarh with acouracy on suoch
profilee, On a surface with a vmall radius of
ourvature the innerrost airlayer dehaves like
8 oylindrical solid layer, and it is better to
plot the temperatures over the logarithm of the
diatance from the surface. Then the part of
the tanpersture profile near the surfuce bo-
cones & etrnight line ‘and peraits an oxaot de-
ternination of the tangent. Pig. B slwws the
tenpermture fi0ld around a hurigzontal plate
and Pig. 5 presems the temperature profile on
& horizontal line at the right hand end of this
plate. It can be seen that the first seven

polnts of the tempersture curve lie on a atraight

line and deternine the targent with aoccuracy .

In foroed convecstion flow at high Reymolds
numbers the boundary layers are very thin when
the high Reymolds mumbers are obtained by great
velocitiee on oomparatively small objects.
Then determining the tangent becomes immocurete
especially in turbulont boundary layers where
the temperaturs profile is straigkt onl; within
the very thin laninmar sudlayer, In some cases
the heat transfer coefficiont must then de de-
termined in another way, Pig. 6 is a sketoh
which indicates how the boundary layer develops
on s flat plate, When the plate is warmer than
the medium flovwing along it then it gives off
hoat to this medium. All the heai which *he
plate lost on {ts length X must Le sontainal
in tho flow which passes the plans I ~ I,
With the avernge film heat transfer coefficient

for the lencth x , the heat flow @ per
unit time from the same plite length

G = hxaT, ~f';.chATaly (21)

where AT is the tmx.n:uturo differance at tha
distance y from the plate within the boundary
layer as conparnad with the outside undiaturled
flow, YV 1s the veloaity within the bouniary

5747

layer at the place where the tamperuture diff-
erence 1s 4T , y is the specifio welght,

€pn 18 the specifio heat at constant pres-
sure of the flowing mediun, and AT, i3 the
difforende in tempernture between tha wll
and the undisturbed flow. In most cases the
spacific weight and the speclfio heat Cp
oan be aseumed sonstant throughout the bound-
sry laver. Solving for W and nultiplying
both sides of theequation by the velocity v,
In the undisturbed flow pives

h -
1%  aV.al, S\ AT ey =)
Che di.mnnnionlou ;rouplnc on th¥ left hard
1ide of the equation 1s an expression well
anown in the heat tranefer f'ield. It ls the
St-function as used by Collurn, or with the
dironaionlonse values of the Nuseelt number
Nu "uéé Reynolds numder Re = !'VJ‘ F
and h-andu numbor 'Pr -, it 1s

5t - ‘Reﬁ- VAT IVATcly (23)

In order to solve this" squation the velooity
profile and the temperature profile must be
known. The latter can de obtained from an in-
terforonce photo in the may described before
for frse oonveotion flow, The veloaity profile
1s to Ye obtained in another way, The kmowl-
sdge of the welooity profile is not necessary
where the flowing medium has a Prendt]l mmber
equal to one, and the buddulent exohange oo~
efficlont is equal for heat and mamantum., In
this cass the velcolty profile is similar to
the temperature profile and can bde derived
b the oqmtion

_ AT

V s 8 (2L)
Introducting this into aquation (23) leads to

5 -+[2L(1-4T )dy )

o - y

Fige. 7 = Determinution of the
boundary laysr thisknves

————— — —— . — -, e —— -

. — — -




In Fig. 7 the temperature profile as it is odb-
talned from an interference photo is showm ase
eurve A, Multiplying esch value JT/ATuwith
the corresponding I~‘Z‘Tglvol ourve B, The
area under this ourve is'the integral in equa=
tion (25)0

This {:tegrul has the dimension of a length.
We may, tharefore regerd it as a Lind of bound-
ary layer thickness and call it o, « A ocorres-
ponding precedure with the veloalty profile
leads to a boundary layer thiokness whioh 1s
lmown as "impulse thickness". It can be sean
that the dimensionless grouping Nu/ReR-oan
again de expressed as the ratio of two Jensthes
the thermal boundary layer thlokness o9, and
the distance measured slong the plate,

3F - N .
SET e X (25)

The thermal boundary layer thioknaes _‘;l
defined generslly by the intognlj%, ‘/47;37
Por the caze where the Prandtl numbder is one,
the turbulent exchange cosffiolent for heat
and nomentum are equal, and no ee~ “tlal
aoccelerstiona ooour in the flow, ' <o Le
transformed into IA%E('_‘%T;)"‘Y g

GCases Mavo o Prandtl number which does not
differ muoh from the value 1, Mor these media
therefore the desoribed method should give
satisfactory reeults on surfuces where no
strong accelerations or decelerations of the
flow ocoour, Pirst it ie necissary to ohook its
socuraoy, however.

3. BEnd Effects.

In deriving equations (10) and (U.) ** was
agsumed that the light ray which travels ilong
the investizated object (Pig. 1) pmses through
an air layer of uniform temperuture and speoi-
fio weight on the whole length L , and that on
the reast of i{ts way the specific welight of the
air 1s the same as on a corresponding ray which
has a greater distance fron the investigated
ohjeot and does not enter the heated zone around
{t. This nsans that the temperature in the alr
suddanly drops in the two planes colnolding with
the end surfacec of the investigated object to
its outeide value, This is ths ocondition which
should be fulfilled at “he invaustigation of two-
dimensional problems tut it is diffioult to
realize it {in actual axperiments. Two mathods
were usad to keep these ond effects muall,

In previous lavastizatlons tho healad ot-
Ject was put in%o the lirht path in the wa; as
indicated {in Ptg. 1. The and surfuces which
are normal to the light rays alwo pgive off
haat to tho surroundirg alr and the hantad zone
==the tharval boundary layer.of the alr alcsna
sround thosa and surfacss, Along a light ray
near ths sur™maa the air temperaturae Joes not
4rop euddanly at the end gurfnca as {t should
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but deoreased gracdually within the boundary
layer, This gives an error in the ewluation
of the interference photo whose magnitude has
to be evalunted, It vas mentionsd proviously
that the alr in the tone immediately at the
surfnoe of the investigated object is at rest
and the temperature fleld in this zone is the
tame as connected with heat oondution in a
golld bedy. Such a tenmnorature fleld which
oan be detormined by conformal mapping should
tharefors be & reasonable approximntion for
the rsal temperaturs field within the whole
boundary laysr. Fig. 8 shows the isotherms
around a rectangulur corner detsrnined by con-
formal mapping taken from refaronce &,

Fiz. £ = End effects in two-
dinensional prollems
(4aotherns around a rormer)

Yie will study the end effect on a horizontal
9y1inder in free convoctlion with the help of
this figure which ma: ropresert a cornar be-
tween the cylindrical surfaco and one of the
ond planes of the oylinder. A light ray a-a
tangential to the cylinder surface or a light
ray b-b near to the surface (Fig. 8) passos
throush regions with decreasing temperature
near the corner. A certaln tempercturs can be
seaignod to any of the lsotherns in Fig. 8 by
the ascunption that i{a moving above the oylin=
der to a great distance from the cornsr they
should asymptotically colncide with the tengorae
ture profile known for tne oylinder by measure-
zont and caleulation (Fig. 17). Now from Fig,
§ the tenperatures can be detsrmired on any
light ray, Thus the tempereturs ocurvee in
Pig. 9 wore obtainad for light rays at differ-
ent distunces from the oylinder wall, Thae
tonperatures are plottad over the distance in
mm from the end plans ( .74 i ). Thae
ourves show how the temporaturs decreasee
gracually near tho ends of the cylindar inatasd
of tho sudden jump in the and plane. The nua-
ber € of the fringes in the interfersnce pho=-
tos whiokh is determlinod b equation (5) when
tho s;ucifio welpht drope suldenly ls glven by
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X ()’, J’ (")
when the spocific weirht ehangas grndunlly,
Por the purposa of estirating the error b end
effects only the first term in equation (1)
can be used with sufficlent acournoy to trans-
form this into

= Cy. (Iv- TV (27)

|

Pig. 9 -~ Temporature wveriation
along light rays noar
the end of a horiiontal
oylinder.

The intogral can be obtained for any light ray
with the help of Fig. 9 and in this way the
error introduced by the assumption of & sudden
change in temperature in the end plane and by
the use of equation (10) or (1L) san be deter-
ained, Por tho lenrth = 11.,1i6 inch used in
the teats of the horitontal oxlinder the error
in determining tho tenperatures from the intor-
ference photo is +0.5% for the light ray Souch-
ing the oylinder surfuos, Ojf for the lisht ray

1/2 mm distant from the surface, =0,5 for the
light ray in lmmdistance and -2,5)% for the ruy

in 2mm distance, Deternlinirg tho heat trans-
fer coofficient fron the slope of tho tempora-
ture profile intronduces in this example an

error of +3i.

A qualitative nioture of tho ond offects
can be obtainad fron an interferanco phota
whero the investiput:i objact is plaocud with
ita axls norrml to the light iay direction.
Suoh a photo for the horizontsl aylinder is

shown tn Mg, 10.
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Pig. 10 - Interference photo of &
horirontal oylinder with
ite axis norml to the
l4ght rays,

Anothar method to reduce end effeots is to

put two glass windows apaf{nst the two end
surfacos, This works satisfactorily aslkng

as the glass windows are nct heated excessive-
ly by the investigated object, Heated glass
plates disturd the interference pattern by the
inner tension in the glass and by the deforma~-
tion of its surfaces which aocoampanies the un-
oqual heating. The heating of the plates can
be roduced by an insulation batween the heated
irvestigated objeot and the plate, or by making
the thicknese of the glass plates as small as
poseible. A thin glass plate reduces the
inner tensions in the glass and the effect of
the deformation of the surfaces on the inter-
ference pattorn. The Optron laboratory, Day-
ton, Ohio, sucoeoded in manufacturing class
plutes of & inches dianater and 1/8 inch thiok-
ness of suoh quality that only a very slirht
chunge in the interference pattern could be
ohserved when the plates were put into the
light path of the interferometsr. A local
heatins of these plates ohanged the interfer-
ence pattern only to a degree which was deemed
adnissadle for the purpose of this investiga-
tion. To decrsnse the heating & ocork layer of
approximately 1/6 inch thickness ras put be-
tveen the =nd surfacea of the investigated ob-
Jeot and the glass plates, This method of re-
ducing the end effacts was usad for scas of the

oxpurimonts,

lie The 7er-ical Plate,

The temperature fleld and hest transfar on
& hontad vertical plate in netural convaction
van inveatigstad very thoroughly ez arizantal-
1y and by calculation by R. Sotmldr, ¥, Beck-
mnn and B, Pohlhausenl®, Thie problea there-
fore le well suited tu chmchiry the aceuracy
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of the interferometrio mathod for heat trans-
for experinonts. Interfarence photoe wers made
of a aonoer plate 5 inches high, 5/32 inchas
thick ~ ul with a length L = 24 /. in the
1ight .ay dirention. The plate was heated on

& hot plate. Its hect ocapanity was high encugh
to Yoep it warm for about one querter of an
hou. s  Since the whole temperature fleld aronnd
the plate is oontained in one interference
photo whioh 1s taken with approximately one
hundredth of & senond exposure time the slowly
doureasin; temperasture of the plate does not
affeot the acouracy of the measursments. Thie,
innidentally, is an adventage of the interfer-
ence method, In the sbove mentionod investiga-
tion the temperaturs field was measured with
thermocouples und the measurement took several
days. To keep tie te.iperature of the plate and
the surrounding oonetant during this timo wez
rather difficult. Fig. 11 is an interferance
photo, ~howing the 1sothorms around the plate.

Plr. 11 = Teotherms around a
verticnl plate,

The heated tune and “hs therral bouniary layer
along the plate san b ohbsarved vary clearly,
On an infinitely thin plare the bour.ary laysr
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begins acoording to theory with the thiokness
sero on the lover edge and inorcases propor-
tional to the fourth root of the distance (rom
this edze. Tho finits thlokneas of the plate
1s the reason for the foot that in Fig. 11 the
boundary laysr begina with a sertain thicikness
on the lower plate edge. The temperature pro-
files on normals to the plute surfice at dif-
feren® diatances from the lower edre were de-
termined froam the in%orferonce phota by the
method desoribed in Seation 2. Figure 12 shows
these profiles for a temperature differeace
al,,  of 90°F, between the plate and the alr
at s great distance (outsids tho boundary layer).

Fig. 12 - Tempersture profiles on
a vertizal plate,

The teamporaturesars plotted over the distance
Y from the plute and the paramoter on the
ourvos is the distance of the normal from the
lower plate end. Such temperature profilee
were datermined also for tempersture differ=-
encas AT, of 17, 2, 35, 58.5 ard 85.8°F,

E. Pohihausen!® deduced from the bdoundary
lsyer ecuutions for free convestion flow that
the bempuruture profiles in a dimensionlass
foru, as the ratio of the tomparaturs diffar-
ance AT at any polnt of the profile to the
temperature difference AT, on the wall, de-
perd only on one dimensionless varlable C 0
vhere y ‘s the distande from the plate B
norrnl to the surface, X the distarce of %
normel from the lormr plate edge and C -Y' £

with ¢ the accelerstion of gravity, °» T
LR 4
the w1l tenperature, T, the tamperuture of
the eurrounding air undisturbed by the plate
and ¥ tha kinenatio viscoslty »f the alr,
By plot*ins the Lempamture r=tin JT/-iT,, Qv7er
tha valus Cy/f';_‘u the temparatirs profiles
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should comea togather into ono single curvo.
FPip. 15 shov.s such a plot.
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Fig. 13 - Tenperature profile on
& vertical plate in reduced

soale.

The constant C was detornined with the kine-
patic viscosity » at an average tsmporsture of
113°F, To be exact the referauce te.porature
for the viscoalty chanjes with the teperaturs
difference, sven vhon the rooa teuperature 1s
constent. But sinca ve do nct knov yot whick
refsrance teaperature ia tr be used (wall ten-
perature or scmws mean betwean a1l and roon
tempercturs) and since the influence of the
variation of the viscosity on the vnlus C s
vor; emell at the small temneruluro differences
realized in the exparinents a constant wlue
11397 of the referance teupersturs vma usod,

It ¢an he obssrved trat tho measursd pointalis
alosn togethar on one curve. The scattering

1e slightly groatar {n the outslde part, and

is prolably dus to a slisht turtulance in the
room shicsh {3 vory diffioult to avoid, The
8021d line g¢hows thna ':amgaruturo prefils cnle
sulatnd by ¥. Pohlhauasan and the arreenent
batwaen it and the measursments is ercallaont, _
Por the averaye film hant transfar ceaffiatanth
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on & vertical plate with the hnlyht X an
inchus) in alr, E. Sohnldt and . Declownnl
dorived from thelr exnerimunts tho formula

- 4
o ATy b -

where AT, is the differenc: Letwmen “ha nlute
toriporature and tho tunpernture of the outside
air and b tho berunetrio pressure of the air in
Inchoa noroury. They found from thelr oxjori-
nenta tho value for tho constunt. K was 1.2l
The oulculation of E. Pohlhsusenl® eove 1,21
and our experiments 1.165 with ¢ dovistion of
330 in tho sincle measurenents. For n generul
uze of hont transfor data it is more desirable
to presunt tho data in a dimensionless form.
The Nussolt nuwbor Nue h3/K with a leagth D
charactocistio for the spocial problem is ziv-
en as & funotlon of other dimensionless woriu-
bloa. Dimonsional analysis reveals that for
free conveotion thesa independont wiriables are
the Grashof number Cr=9(3,4T, D'/ » 2% with the
oxpansion coeffioient and ths Prandtl nun-
bor Pre ¥fx¢ with the themal diffisuvity e

For gases the exmnaion coaffioclsnt is equal to
the reolprocal value of the absolute tempors-
twe A, =~ T, + If tho function is
reatrioted to -I'.- the Prandtl nuader has a con-
stant value and the Grashof number is the only
indenondent variadle., The caloulated equation
for air in thias ropresentation is

g s Sy T,
Nu-Cﬁ;, Nu'%,ﬁf'%‘_‘—,‘é‘(m)

with C = 0,L.£0 from theory, 0..92 from E.
Sohmidts and 0,403 from our experiments. It
is known from other inveastigations that this
equatlon is walid for 10°< Gr< 0" .
Suning up 1t osn be stated that tho conslst-
anoy of these interferomotrio investizations
on the vertionl plute among thenselves and the
agreenent with tho thesry is as good or even
better than tha very carsful experimernts by
B. Schnidt and ¥, Boclmamn,

5S¢ Two Parallel Vertical Plates.

Knowing the hsat tranafer from a single
vortical pluts it is of interest to leamm
when and how much it is influenced by walls
in the nolghbarhood, Tou study this prohlem
the tenmpsruture fleld in alr at free convuc-
tion on two parallel vertica! plates vas de-
termined, Either hoth of the plates vere
haated up to the samo tenparature or oaly one
plate vas heated the othar being mppreximately
at the same tempercture as the surrsunding air,
Only a fow mxperinental rosults are found in
the literature and thay do not solve the pro-
blem genarally, 1In our oxnoriments twn oopper
plutes ware utad which had the sece dimension
as the singla nlats {n the exnerluants aantion-
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ed in the preaneding sectlon. They were heated
{n the same way. The listance betwmen hoth
plates w3 wiriled (0.209, 0.233, 0.Li26 and
0,500 tn' fo. ‘s two heated plates. Only one
distancs (0.2,6 .n) was investigatod for the
heated and cold plute. Figa. 1l to 16 show the
terpornture f181d around two hentad n1lates and
Pig. 17 prusents the isothorms «ruund & hented
and a cold plate,

Pig. 1 - Isotheras around twe
heatad vertical plates,
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Fiz. 15 - Isntheras around*two
heatod vertical plazes.




Pig. 16 - lsotheras around two
heated vortiomul plates.
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Pig. 17 « Isotherms around a
heated and an un-
heated vertiocl plate,

It can te aseen froa the photos that the bound-
ary laycrs start with the same ahaps on the
exterior end the interior sides of the plates
in the vicinity of the lower plate sd-os, Om
the outside of the plates the boundary layers
have ths saze shape aa on a single plate for
the whole plate hel-ht, On the sides of the
plates, however, which faoo each o*her they
sre influenced nors and mor« by the presence
of the second plate as the distanas from the
lower plate edga increasad. The process ia
einilar to the {nflow into & tube or charnel
betwenn two parallel plenvs, The influence
of the second plate on the bdoundary layer can
be observad most olecrly in u dlagram {n which
the temparsture profiles at differencs diatanacase
X frcm tha lovmr plate adie are nlottad ovar
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the reduced dinorsionless distance from P 1)
plste K’/v.—\_or what 13 equiwnlent Y/ YVar .

On the single vortical plate this plotting
briigs all the tenparature profiles togethur
into one single line as shown in Fig. 13. Fig.
16 shows the temperature profiles with this
plotting for two heated platos with two differ=
ent distances from canh other,

50["'—""‘ RS St -
Cre2440

Pig. 18 - Temperature profiles on
two heatsd wertical plates,

’

The curves end in points whioh sarrsspond to
half the distancs betwsen the two plates. The
dached ourve is the one into which all the
temperature aurves fall together on ths outside
of the pletes, The Grashof numbars in ths fig-
ure are built with the value x as churnocteris-
tio lencth, It can be seen that the rresence
of tho sscond plate ohanges the shups of the
temperature profile only near the outside of
the boundery lasyer as long ss th distance of
the plates in the reduced scn‘.e'gﬁ Var is
grout, The heat flow from the plete iz in-
fluenced by the seocond plute only vhen tie
temparature gradient changoes., 1In ¥ig. 18 this
is the case for the two upper-most profilas,
The readings at the other plals distunces aye
not inoluded in the diagram btecnuss they would
make the plot too arowded. They were, hovever,
used for thn evaluation of the heat tranafer
coeffiaionts (Mg, 19). The local film haeat
transfar coafficlent can ba determinad from the
gradient of the tomperature profiles on the
plate surface in Pig, 18, In Fiz. 19 tha mlue

ar—
Ny Ver fe plottad over tha disturcas of two
plates in ths reducad scalae,
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Fig. 19 - Nondimensioinal heat tranafer
coeffioclent on two heatad
vertioal plates.

Acoording to aquation (29) the welue Nu/v_d-;-
is constant for a single vertioal plats {n air,
I i3 therefore represented by a horirontal
straight line in Pig. 19, The readings for
tro parallel plates show low the heat flow
from the plates i{s influsnced whan the dis-
tance betvween :the two plates deocrsases, The
ourve drawn throuch the goints seams to appro-
ach tho asymptotlo value .L05 whioh is L(N hi-
gher than the valueNyVGrbtult with the losal
heat transfor coefficient for the single plate.
It ouy he that a slight oonvaction in the room
w3 the reascn for this difference, Gensrally
the acouracy of the measursnents on the single
plate is higher than for the two plates since
many nore photos were evaluated for the first
cage., A linttic- distance X, where the influ-
ence of the second plate begins to be felt om
be determined in Pig. 19. Of course, thare
oxists no sharply defined value for it since
the nondimensisnal heat trensfar coeffioient
denreases gradually vhen the distaace between
the plltes becomes amaller., We may regard the
alue "‘/_,( VGr = 3.5 where the heat transfsr
cesffizlent dogins to desroass as the linmiting
value, This gives

4
';'{-"5!? VZ;' (30)

with aT,
Gr - S Rell L (31)

YT,

With this equation tho rutlio of the limiting
longth X, to the distance of the two plates
oAy be cuiculntad. It can be nesumad thet
equation (31) 1a valid botwsen the sagpe 1i=i*a
a3 equtlon (29) namely, for 10%< Gr< (0" .
Fig. 20 shovis Lhe tamcerature profiles on Lwe
rarullal vartizal plutss of whizh 2nly one
plute (s honted., At the distan<s of thn two
plakes investirated no influsnce of the aold
plute i1 fel% by tho heutud plate 1n regerd %o
the hant flow, When the disterce of tha two
platas {n acnllar than the heut translar on the

— IR SR ST e

o inend

!

e b T

—— e ae  a—
- —




* optr

hot plate is inoreascd by the presence of the
seoond plate whereas it is deorsased on two
hoated plates. MNore plate distances would have
to be investigated to determime ths liniting
length for this plate pair, dut, it seems that
the walue 12 approximately the same as on the
two heated plates. As a first approximatica
the eqmtion (30) oan be used also for this

oage,

CGr=1660

8__
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Plge 20 « Temperature profiles on a
heated and an unheated
vertical plate,

The veloolty profile on & single vertical
plate was measured by B, Sohmidt and V. Beok-
pannl0, The ehape of this profile is showm
in Pig. 21 ae s0lid line A,

v

Pig. 21 = Veloolty profiles on two
wated vertical plates.

On two parsllel heated plates the veloolty pro-
file s changed as shown in line C nelong as
the 1initing length 1s not emcesded. At the
limiting length the distance of the plates is
3.5 tines the distance of the veloolity maxi-
mun from the plate aurfuce. At small reducad
distances the shape of the velocity profile
charges gradually to ourve B,

The two vertical plates ware inventigatad
without glass plutea olosing the span betvaen
the twa platos on both sides. At first it ws
supposed thut by a "ohimney effact” lower
pross.rae coyld build up batwasn the plutes
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and suck in alr from Loth sides in this way
disturdirg the twu-liaensional flow. Howawwr,
interference photos of two plates with thelr
planes norral to the light ray direotion reveal-
ed that this was not the oase within the range
of plate heizhts and distances inveatigated,

é, Borisontal Cylinder,

Tenperature profiles on a heated horlzontal
aylinder at free conwveotion in air were measured
with thermoelements by different tovestigatorsd,
A caloulation of the tempercturs and velocity

field around the horiontal ecylinder was present-

od by R. Hermannl2. Interferometrio studles on
this shape are therefore useful to chock the
accuraoy of thia method. A solid copper oylin-
der with 0,878 in dlameter and 11.L6 inches
length was heatsd bafore the tests. Its heat
sapacity was high enough to keep it hut for the
time needead for the photographs. Migs. 2 and 22
show suoh photos revealing the isothorms around
the oylinder. Prom these photos the tempersture
gradients on normala to the oylinder surfsce and
the local film heat transfer cooffiolents were
detsrmined in the way desoribed in Saction 2.

Pig. 22 = Isothorms around &
horizontal heuted
oylindar in free
eonvection,

Fige 23 shcwse these loosul heat transfar co-
effiolents plotted uver Lhs angla as medguraed
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from & vertloal drawn Lthrough the oylinder oen-
ter in downvard direotion,
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Pig. 23 - Looal nondimenslopal heat
trensfor coeffiolent along
the ciroumfersnce of a
horizontal eylinder (dashed
line according to R. Hermann).

Two interference photos taken with a tempersture
difference of the oylinder to the surrounding
air of LiL.5 and 93.3°7 were evaluatad. The
Grashof nunbers for both test se:s are recorded
in the diagraa. Bince the calsoulation of R,
Hormarn showed that the value Wu / 1[3;- depends
for air within a wide range of Or numbers only
on the position on tho oylinder olrcumfersnce
this vslue is used as ordipate in Pig, 23. The
pruperty valuec of air were inserted into the
dimonsionlsss Nu and Or numbers at the aylinder
surfuce tempersture, The diagram also shows
the dinensionless local film heat tranefer co-
officlont caloulated theorstiocally by R. Her-
mam as & dashed line. It may be observed that
both the measured and the oaloulated wmnlues
agree quite well, the measured points lying in
the aversge 10% above the caloulated ones. The
same i3 true for the aversge film heat trunafer
on the oylinder surface, Prom our exporiments

the equation 4
Nu = 0.401 VZi_r (32)

is derived, whernas the theory gives 0.372 for
the numdbrioal value. Doth dimensionless values
are built with the oylinder diamater as oharas-
teristio length. B8inoe other measurermsnts
(surmarized by R, Hormannl2) gave alec walues
for the average fila heat transfer aovnffiolent
which were 107 above the theoretiocal ons and
sinouv this difforence ocannot be axplained by
the uncertainty at which tampersture the pro=-
perty velues should be introduced the reason

5747

for the deviation ie prodadly the faat that
the thiocimess of the boundary layer s asvumed
as aall compared with the oylinder diameter
in the theory. Pigs. 2 and 22 show. that the
boundary layers are quide thiock at the investi-
gated Or= numbers, Higher Or- numbders which
are counsoted with thinner boundary layers
should give a still detter agreement with
theory. According to previous urnuruontc

the formula 32 1s walid for 10°< Gr<|O?

At Oraehof numbers greater than 109 the
boundary layer beoomes turbulent. For smaller
values than 104 the thiokness of' the boundary
layer is so grest that the boundary layer
theory oannot be applied any looger. The the-
ory shove also that all the temperaturs pro-
files measured at different angles should fall
together into a single cmewhen the scale for
the abscissa values is reduced using & dis-
tribution-funotion given by R. Kermann
whioh is equal to the ratio of the *heoretical
local hsat transfer coefficient at the angle
investigated to tho theoretiocal heat transfer
ccefficlent at the angle.ox = O . Pig, 2
shows tho rttio of the tenpersture differsnce
within the boundary layer to the difference of
the wall tempernture to the outside air tem-
perature plotted over this reduced soale,
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Pig. 2, - Tempernture profile on s
horizontal oylindar in
reduced sonle,




It can de odeserved that all the measured polnts
1ie very closely on a single ocurve., The solid
ocurve in the figure 1s the caloulated tempere-
tuwe profile. All the measurements lic scme-
what beneath this curve, The same thing was
trua for the ionpoutun profiles measured dy

« Jodlbauerld, Sumxmrizing 1t can be stated
that the agreement between the theory of G,
lUsrmann and our measurement is good and the
agreement between our measurements and the ones
by K. Jodltauer is excellent,

7« Horizontal Cylinder with Square Cross-Sece
tion

A horigontal heatod oylinder with square
orosa-soction at free convection in air was
investigated in two positions: with ocne dia-
gona) of the square vertical or with two side
planes vertical. The dimensiocns of the cylin-
der weres 0,99 in. length of each side of the
square and 11,5 in. oylinder length. The oylin-
der was heated in the same way as in the previ-
ous experiments., Pigs. 25 and 26 show the field
of isotherms arow=d the oylinder, ard Pigs. 27
and 28 present the local film heat transfer co-
efficients plotted over the oirounference of the

oylinder.

Ju »

=~ = Pig. 26 = Yasotherme around a
horisontal oylinder
with square croese~

YY)
T REFRE

Pig, 25 - Isotherms around a
horiccatal cylinder
with square oross-
seotion,
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Pig., 27 - Local ncndimensicnoal
heat transfer coefficlent
“y on a horizontal oylinder
with square cross-sectiun
with a diagonal vertical,
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8. Arrangenents of forirontal Cylinders.
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Piz. 28 - Local nondisensiooal heat
tranafor cceffiolent on
8 herisontal aoylinder with
square aross-seotion with
two sides wertial,

The Grashof mumbcrs are added {n doth diagreas.
Interesting are the high local vsluee of the
heat trensfer cceffiolent at the edgee, The
average film heat transfer occelfiolents were
determined by _plinimetering, The wvalue for
thiv 1s Nu = % 6) for_the position with
vertical diagoral and Nu = 8.08 for the
position with vertieal side. Assuming that
the Husselt number varies with the fourth root
of the Grashof number for thess oylinders also,
a faoct which =y be deduced from the amalogy
to the horisontal ctweular oylirder and the
wertical plate, the following equations can be
derived for the aversge Nusselt mmbers at froe
convection in air, Horisontal sylinder with
square aross-section one diagoral of which is
verticals

Nu=-32rVGr (3

Horizontal cylinder with sguars cross-seotion
two aldes of which are vertical:

No = 4.54VGr ()

The Nu and the Gr number are built with ths
side length of the square., Ths limits of the
Grashol number within which the aquations are
valld are not yet known but probabdly einilar
to the omes for the oylinder with oirculer
oroas-ssatton and the vartical plate., The
upper limit may be somewhat lower than for the
horitontal olroular oylinder, Por the positicn
vith vertioal diagomal the avsrege hoat trana-
fer coelfialant 1s grester, for the posltiovn
wAth varttcal $idss smaller, Llin va o huiliun-
tal aylinder with siroular cross-section of the
same diametsr provided the Lteujernturee ure
alwmys the swne

5747 16

Beat sxchangers utilising free comvestion
heat tremsfer are oftén composed of horizontdl
tubss. I soms of the tubes are arrsnged above
others they sre mutually influenced ia thelir
heat tranafer eince the warm air stream rlaing
from the lower tubes.hits the upper ones. No
thorough investigation of this precblem is kmown
to the authors, To investigate it the inmterfer-
ence vhotos shown in Figs, 29 and 30 were taken,

Fig. 29 = lactherms around two
horizental ci'linders,

The dimenzlons of the oylindars were the same
as ths ons used in the tests deaoribed in
Soction h,
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P47+ 30 = Isotherns arcund three
staggored horizontal
oylinders,

The distribution of the nondimensional local
film heat transfer coeffioient, the Nuseelt
nmber, ovor the ciroumferencs is representad
in Pig. 31 for two horizontal cylicders one
abowvs the other., The Nusselt number {1 luilt
with the oylinder dlameter, The hsat “ransfer
on the lower o-linder 1s the same as for a
single horlzontul one, For the upper oylinder
however the heat transfer coefflolent has s
[eak at the placo where the warm air atream
hits ita surfucse,
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Pige 31 = Looal nondimenslonal heat
tranefer coceffiolent around
the olroumforence of two
horisontal eylinders. (I lower
oylinder, II upper oylinder),

There are twu 1nfluences aating in oppoeite
directionsy the higher air veloeities within
this wara air wke tend to inorease the heat
flow from the surfuce of the second oylinder,
but the haigher alr terperatures there deorsase
the temperuture difference and tend to de-
oreass the heat transfer. Tre influence of the
hizher weloolty is the atronger one in tha re—
gion of impingement, the lower temperaturs
difference is the detarnining faotor on the
sides of the oylinder. The average heat trans-
for coeffiolrnt on the oylinder_gurface is
found by planiggtsring, It is Nu = 5,30 for
the lower and Nu = .62 for the uppar oylinder.
The avsrage heat tranefer coceffinient on the
upper cylinder deoreaeed therefors to 87X of
the heat transfer on the lower one,

The saan investigation on three horiszontal
oylinders above each other resulted in the
statenent, that the hert transler on the seo-
ond cylinder wag 83% and on the third ona 651
of the he.t transfer on e single oylinder,

Since the everage heat transfor is docressed
when the wnke of anothar cylinder hits the sur-
face It zan ba ounoluded that the effantivinsss
of & heat exchanper can bo increassd by stag-
gering the tubes, Piz, 30 shows the lsotharas
around the oylindere in suoh an arrangement and
Plg. 32 preannta the Nuseal® nunber in its die-
tribution around tie clraumference of the ‘hree
oylinders,
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Fige 32 = Local pondimensional heat
trenefer coefficient around
the viroumference of three
stagrervd horizontal oylinders.
(I lowsst, II nedium, III upper

oylindor5.

Again the peak in the heat transfer coeffiolents
oan be nbsorvud on both the middle and the up-
por oylinder. The avertgo heat transfsr co-
effiolent of the mlddle oylindor is 103 and thre
ons on the upper oylindor 87% of the heat trana-
for on the lovwest one. The heat transfsr on
the lovest oylinder has agtin the same value as
on a single horisontal oylinder. By ths stag-
gored arrangement the heat flow on the niddle
and tite upper cylinders was inecrenced appreol-
ably as conparsd with the arrangemant of the
oylinders atove each other,

9, Twc Ccmaentrio Cylindars

It 13 vell known that gases are the bwast
media for thermml isolation as lung as conves-
tion currents are prevented within them sinus
geases have the lowest mlue of the heat aon-
duotivity. An lsolation method utilizes this
faot by arranging aluminum foils in certain
distanoos around the body to be isolated. The
air layers between thesa f.ils kesp the heat
losses down. Tha sinplest shape of such an
isolation with air layors Ls the zpaces batween
two conamnatrio oylinders. As far as {s knpwn
the temperuture field and rhe local heat trans-
fnr on gquah an enolossd alr sptoe was neusured
novor bofore. Por this resason interforence
plictos aere mads an exanple of which i{s shuwn
in Fig. 35,
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Pig. 33 = laotherma in the space
between two dounocentrio
hotizontal oylinders.

A s0l4d oopper oylinder with 0,882 inches dia-
meter is arranged conoentrically within a thiock
wallod copper tube with 1,859 in, inner dimmeter,
Ths oylinders are 11,62 inches long and their
axis are horizontal. The inner oylinder is
held ocentrally by three thin pins on each end.
The shadows of the pins are visible in the
photo.. Both ends of the tube were c¢losed by
glass windows 1/8 fnoh thick. The imner oyl-
inder was trought into the tubde after being
heated and 1t kept warm long essugh for the
experiments. Two cork disee 3/6 in. thick
on the oylinder ands dininished the heat flow
to the windows.

Piz. 33 reveals the interesting fact that
in the snclosed eir space toundary layers build
up along the surfaces. A hot boundary layer
moves arocund the inner cylinder, rises from
its highest point, hits ths outer tube and in
nuviig along its swrface cools down agalin.

The heat transfer !s hizh on places where the
intarfarence linve asrowd together in the vini-
nity of a surface indicating & steap tempsru-
ture gradfunt, On the lower side of the innoer
oylinder and on the uppar side of the outer
tube are places of great heat flow, On the
lower side of the outer tubte the hea®: transfer
is vory low, In the space Letmsén thu two
boundury layers there 15 a temparaturs inoreass
in upwmrd dirsotion. It -may be mentioned trat
the intarfaromaler was 2djustod for 2 unifcrn
flold without lines Yy making the four lwaio
rlass plates paysinllal 42 sash cthar,




Pig. 34 - Local nondimensional heat
tranefer coefficient around
the olroumforence cf two
concentric horiczontal oylinders.
(I imner, A outsids olyinder).

Pig. 34 shows the local flln heat transfer
coefficients around the inner and the cuter
surface of the rin; shaped space. I% cun be
scen that the heat flow is dietributed very
unevely around both oylinders. The dinmcnsion-
less filn heat transfor coceffiocient Nu vas ocon-
puted with tho temperuture difference lotween
both eylinder su-faces and each one with the
oorresponding oylinder diazeter. The Grushof
mmber given in thu diagraa was built with the
diemeter of the small oylindsr. The average
Fusselt number found by pladimetering is 1.60
for the outsr and 3,22 for the inner sylinder
diageter. A test can be made for the accuraoy
of the measurement. Neglsacting heat losses
through the glaes end platos the heat flow from
the inner oylinder must equal the heat flow to>
the outer tube or the product conductivity of
the air at wall tecperature times Nusselt nuz-
betr times diameter sould give the same value on
the imnor 2nd outer wall, Prom the interfererce
photo we get for the product the walue 16.9 on
the outer and 17.2 on the inrer wmall which
44fCar 5, z:o

10, Convection caused by Centrifugzal Forces

In all the problems studied in the pro-
coeding chapters the sctusticg force for the
novenent in free conveoticn wa: grevity., In
turbo engires (sompressors and turbines) and
other rotuting mschinery physical proceeses
oocur on zone places whick 2rs very similar to
the onus studied above with ths arception thut
contrifuzal forces roplace the craviteticnel
force. Au vionpls L9 the ras turline with |
115uid cooled tladas accordizng to E. Sch—:‘.d’.l“.
The bladwe havy radlal oylirdrizal holes which
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are fillod with watar., The laysra in the wutar
adjaonnt to the walls ara heated and the den<ity
13 dooroased in this wny., Therefore, the cen-
trifucal forcos are maller on these partioles
than in the cential sore whioh remains cooler
and in this vay intonalve conveotion currents
are generatod whinh produce a very good ccoling
offect., Also on turbines with alrocdled hollow
Lladee such currents oanocur and nay participats
appreciably in the gooling effect. The physical
procees i3 exactly the same as the 2ne generated
in a goometrically simiiar model with free con-
vootion caused by pravity as long as ths Grashof
and the Prandtl numhers hive the same wulue in
Loth cases, In this way the codling wifoot can
be studied on a simple stationary model. 1TIn the
procese which involves centrifugal forcee the
Grashof number muef be bullt with the centrifu-
ral socceleration U /A-( U sircunfsrential velo-
olty, * distance from the axis of revelution)
instead of the pravitational acnoleration 7 .

It is therefore (U;‘.)ﬂATC‘
Gr -~ Al (35)

There are other flow phenomena in turdo engines
wvhich ara, Af not of exactly the same mature,
at least very similar to thermal free convention
processes. For thoir undorstanding the study
of froe convection flow is therefore very help-
full5, In axial compressors and turbines bound-
ary layors develop on tho blados. On the stator
blades the circumferential velocity and the cen-
trifugal forces are smuch smaller within these
boundary layers than in the outside flow. On the
rotor bladés the opposite is the casc. In this
way & radlal flow arises which may affuct the
effiolency of the engine appreciably., Againa
Grashof nunter may be bullt «s a characteristic
value determining this flow. Here the radial
flow is not generated Ly temperature diffsrencee
tut by the centrifugal forces immediately,
Thereforo, the thermal buoyancy force (per unit
volume) (34T which is respunsidle for the
thermal free convecticn flow is to be replaced
by the centrifugal force per unit volumf”} .
In this way the Grashof nunber Emoomes
Ulé!

Gr = w32 (26)
Since in applying the dimensional apalysis which
leads to the dimensionlesz characteristio numbers
( Gr ) it is always necessary to consider geo=
metrically similar arrangoments, one length ?8)
can be replaced by any other ( 7 ) in the char-
acteristic wlues, So the Grashof numbter say be
writton in the focm g

ve

Gr ~ ST

In this form it becuzen obvious that tasically
the Grashof number is mothing mslse than the
3quore of a Reymolds nimber.
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11, Swenry

lloat transfer in thorual free conveotion of
air was investiyuted wlth tho help of a Zohndur-
Maoh interferomoter on bodiss with different
shupes. All forms had in common that the cun=
vection flow set up wae two=dimensional. They
weres & vertical plate, two parallel vertical
plates — bLoth or only ono heated, horitontal
oylindors with oirocular and square croes-soa=~
tion, arrungenents of two and thrse horiiontal
oylinders, and an alr space enclosed between
tvo horizontal oconcentris ocylindors, The sine
gle horizontal oylinder and the vertical plate
in free conveotion were thoroughly investigated
exparimentally by other authors and mithemati-
cal solutions are nvailable. They are there-
fore couvenient for checking the agoursoy of
the Intorforometriomethod in heat transfer
investigation., It is shown that the consiasten~
oy of the results galned with this nethod among
thenselves and the agreenent to the previous
investigations are very good. HNo extenalws
investicatinna are known for the other shapes
and arrangensnts and new knowledre wes derived
from the intorference photos. This knowlodge
oan be applied in tho fleld of aeronautlcs to
cooling and isolating problems occnneotod with
the handling of specinl fuels, ‘hermal free
conveotion data are useful also for ths study
of cooling problems in gas turblines and radial
flow phenunona in turbo machinery. Tho rela-
tionship Letween those ia discussed {n detail
in a special seation,
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